A simplified model predictive control method is presented in this paper. This method is based on a future reference voltage vector for a three-phase four-leg voltage source inverter (VSI). Compared with the three-leg VSIs, the four-leg VSI increases the possible switching states from 8 to 16 owing to a fourth leg. Among the possible states, this should be considered in the model predictive control method for selecting an optimal state. The increased number of candidate switching states and the corresponding voltage vectors increase the calculation burden. The proposed technique can preselect 5 among the 16 possible voltage vectors produced by the three-phase four-leg voltage source inverters, based on the position of the future reference voltage vector. The discrete-time model of the future reference voltage vector is built to predict the future movement of the load currents, and its position is used to choose five preselected vectors at every sampling period. As a result, the proposed method can reduce calculation load by decreasing the candidate voltage vectors used in the cost function for the four-leg VSIs, while exhibiting the same performance as the conventional method. The effectiveness of the proposed method is demonstrated with simulation and experiment results.
I. INTRODUCTION
Three-phase four-leg voltage source inverters (VSIs) can provide output voltages and current waveforms with improved quality. Compared with the three-phase three-leg VSIs, the additional fourth leg, which is connected to the neutral point of the load, increases the switching states from 8 to 16. Traditional current control methods for the four-leg VSIs employ the proportional-integral (PI) regulator along with the pulse width modulation (PWM) stages. The carrierbased sinusoidal PWM method [1−6] and 3-D space vector modulation [7−10] have been widely used for four-leg VSIs. With the development of high-performance microprocessors, the model predictive control method [11−17] has been recently developed as a simple and effective current control method. This is because the method does not require the design of the internal current control loops, the gain regulation of the PI controllers, and the use of individual PWM blocks. In addition, the model predictive control method can provide advantages such as a fast dynamic response, an inherent decoupling, and a simple inclusion of multiple objectives. As the model predictive control method selects one optimal state after considering all the possible switching states produced by a converter, the increase in the switching states of the four-leg VSIs from 8 to 16 increase the candidate switching states in the control method, thereby increasing calculation burden. This paper presented a simplified model predictive control method based on a future reference voltage vector for a threephase four-leg VSI. The proposed technique can preselect 5 among the 16 possible voltage vectors produced by the threephase four-leg voltage source inverter. This is based on the position of the future reference voltage vector. The discretetime model of the future reference voltage vector is established to predict the future movement of the load currents, and its position is used to choose five preselected vectors at every sampling period. As a result, the proposed method can reduce the calculation load by decreasing the number of candidate voltage vectors used in the cost function for the four-leg VSIs, while exhibiting the same performance as the conventional method. The effectiveness of the proposed method is demonstrated with simulation and experimental results.
II. CONVENTIONAL MODEL PREDICTIVE CURRENT CONTROL METHOD FOR THREE-PHASE FOUR-LEG VSIS
A three-phase four-leg VSI with four legs and a general three-phase resistive-inductive (RL) load is shown in Fig. 1 . Compared with a three-leg VSI, the fourth leg of the four-leg VSI connects to the neutral point of the load. The upper and lower switches in the same leg work with a complementary operation. Thus, the output phase voltages of the four-leg VSI are determined depending on the switching states of the upper switches, S a , S b , S c , and S n . Each upper switch assumes a binary value of "1" and "0" in the closed and open states, respectively, and 16 switching states are generated by the four-leg VSI.
In the conventional model predictive control method of the four-leg VSI, the future current movements at the (k+1) th step according to the 16 possible switching states are predicted using the mathematical model of the future current. Based on the future current prediction, one optimal switching state is selected through a cost function that minimizes the load current error between the future reference and predicted currents. For simplicity, the three-phase output voltages and currents are represented as vectors:
The load current dynamics of the four-leg VSI in Fig. 1 is described as,
where R and L are the load resistance and inductance, respectively. The derivative of the load current with respect to time in (2) can be approximated in the discrete-time domain as, Fig. 1 . Three-phase two-level four-leg inverter topology.
As a result, the one-step future load current can be expressed in the discrete-time form as, [ ]
The future reference current at the (k+1) th step, for a requirement of the load current control method, can be obtained using the fourth-order Lagrange extrapolation formula as [14] , Table I shows the 16 possible output voltage vectors generated by the four-leg VSI, depending on the switching states, where the 'p' and 'n' states of each leg implies that the upper and the lower switch of the corresponding leg is in the On state. Table I also indicates that the load current at the (k + 1) th step in (4) can be predicted according to the voltage vector determined by the 16 switching states. Among the 16 possibilities for the future load current at the (k + 1) th step, an optimal predicted current that can minimize the error between the reference and predicted load currents can be decided by the cost function given by (6) . Note that the three-phase fourleg VSI requires 16 repeated calculations to find the optimal switching state resulting in the optimal predicted current. [pppp] should be used at the (k + 1) th step to reduce the number of phases involved with the commutation.
The overall block diagram of the conventional model predictive current control method for the three-phase four-leg VSI is shown in Fig. 2 .
III. PROPOSED MODEL PREDICTIVE CONTROL METHOD
The cost function of the conventional model predictive control method for the load current control of the four-leg VSI is based on the load current error, which compares the reference and actual load currents to select the future optimum switching state, as shown in (6) . Moreover, the future optimum switching state can be determined by the VSI voltage shown in Table I . In the load current dynamics of the four-leg VSI expressed as (4), one can assume that the onestep future load currents become equal to the one-step future current references by applying the voltage reference. As a result, the load current dynamics in (4) can be written as, [ ]
The reference voltage vector can be assessed by a cost function defined as,
Equation (8) Table I , can be transformed into the αβγ coordinate by the abc to αβγ transformation in (9) .
The resultant components of the voltage vectors expressed in the αβγ coordinate are illustrated in Table II . In addition, the vector diagram with the voltage vectors expressed in the αβγ coordinate is shown in Fig. 3 . The six sectors on the αβ plane can be defined by projecting the prisms in the αβγ coordinate on the αβ plane, as shown in 
TABLE II PHASE VOLTAGES IN THE αβγ COORDINATE SYSTEM CORRESPONDING TO ALL THE SWITCHING STATES
the reference voltage vector of the three-phase four-leg VSI is located in Fig. 3 Fig.4 shows that the three nonzero voltage vectors contain the polarity information of the three output phase voltages of the three-phase four-leg VSI. Therefore, the four tetrahedrons can be identified with the polarities of the three output phase voltages. This finding implies that once the polarities of the three output phase voltages are determined at every sampling period, the tetrahedron, where the reference voltage vector is located, can be identified, as shown in Fig. 4 . As a result, three active voltage vectors of the three-phase four-leg VSI can be preselected after the sector and the tetrahedron are known at every sampling period. 
TABLE III PRESELECTED SWITCHING STATES IN THE 24 TETRAHEDRONS OF THE THREE-PHASE FOUR-LEG VSI
Equation (7) is based on the backward difference method derived by the discrete-time modeling of the load current dynamics in (4); this is accomplished by assuming that the one-step future load currents become equal to the one-step future current references by applying the voltage reference. A more sophisticated discrete-time modeling for reference voltage production can be obtained by discretization based on a more sophisticated method, instead of approximation according to a backward finite-difference method. For the continuous-time state model in (10) and the derivative of the state variable in (11), the discrete-time state-space equation can be represented as (12) .
In a discrete-time domain where the input variables change value only at discrete-time instants kT s , the state equation based on exact discrete-time model can be written by (13) where, 
Therefore, the load current dynamics of the inverter, expressed in the discrete-time domain with the discrete-time state-space equations, is
Based on the exact discrete-time model, the load current dynamics with the discrete-time state-equation can be more precisely written in the discrete-time domain as
With assumption that the one-step future load currents become equal to the one-step future current references through the voltage reference application, the reference voltage vector can be expressed as (17) Owing to the fast sampling and the switching frequency of the inverter in this paper, the discrete-time modeling based on the finite-difference method in (7), which is simpler in (17) , can be simply implemented in this paper.
IV. SIMULATION AND EXPERIMENT RESULTS
To demonstrate the effectiveness of the proposed method, a simulation was carried out using PSIM during steady-state, and transient-state with balanced and unbalanced loads. The PSIM schematic figure in Fig. 6 shows the implementation of the proposed model predictive control algorithm in a simplified C-block with programming. Figs. 7 (a) and (b) show the simulation results of the load currents and the neutral current during steady-state of the conventional and proposed methods, respectively, with respectively. Note that from the Figs. 8 (a) and (b) , the simulation result of the proposed method is exactly the same as the conventional method result. This finding indicates that the proposed method performs similarly as the conventional method because the switching states of both methods are the same at every sampling instant. Thus, only the results of the proposed method can be shown.
In Fig. 9 , the simulation result of the load and neutral currents during the steady-state of the proposed method are presented with T s = 20 μs, a balanced load ( 
, and a balanced step change of the references. Figs. 11 and 12 show balanced double-and half-step changes in the magnitude and frequency commands of the references, respectively. Fig. 13 exhibits a half-step change of the phasea reference under different demands on each phase of the load. Figs.11 to 13 exhibit that during transient-state, the load currents track well their references with rapid dynamics. The simplified model predictive control method based on a future reference voltage vector was tested with a prototype setup of a three-phase four-leg VSI during steady-state and transient-state with balanced and unbalanced loads. A photo of the experimental setup is illustrated in Fig. 14 . The setup consisted of a four-leg VSI with IGBT modules (SKM50GB123D), a SEMIKRON gate drivers (SKHI22A), a dc-link capacitor with V dc = 100 V, and a Texas Instrument digital signal processor (DSP) board (TMS320F28335) with RL loads. The sampling frequency used in the simulation and the experiment was 50 kHz. In addition, a simple RC lowpass filter was used in the input port of the ADC in the Texas Instrument DSP board (TMS320F28335) to reduce the noise effect. Figs. 15(a) and (b) show the experimental results of the load and neutral currents during the steady-state of the proposed and the conventional methods, respectively, with Moreover, the half-step change of the phase-a reference under different demands on each phase of the load is depicted in Fig. 21 . In all three cases, the simplified model predictive control method during transient-state shows fast dynamic responses in common with the conventional method. The model predictive control method is influenced by the accuracy of the parameters used for the control algorithm.
Thus, Fig. 22 shows the effectiveness with the parameter errors in the control algorithms of both proposed and conventional methods. The effectiveness is verified through the THD value with T s = 20 μs. The actual resistance value is set to 2.5 Ω, whereas, the actual inductance value is 15 mH. The parameter variations used in the controllers are changed from -50% to 50% of the actual values. The errors of the resistance value in the controllers have a negligible effect on the THD values of both methods. However, when an inductance value is smaller than the actual value used in the controllers, the THD values in both methods increased. Although the proposed technique depends on the future reference voltage vector for the three-phase four-leg VSI, the dependency of the model accuracy on the performance is the same as that of the conventional method.
Experimental waveforms for the load currents and the filtered output phase voltages with load disturbance are shown in Fig. 23 , in which the a-phase resistance has a stepchange from 2.5 to 5 Ω as the b-and c-phase resistances are kept at 2.5 Ω. Note that the proposed method for the four-leg VSI can regulate the load current without disturbance even after a load change in one phase as shown in Fig. 23 
